Silicon-based nonlinear metasurfaces were implemented only with third-order nonlinearity due to the crystal centrosymmetry and the efficiencies are considerably low, which hinders their practical applications with low-power lasers. Here, we propose to integrate a two-dimensional GaSe flake onto a silicon metasurface to assist high-efficiency second-order nonlinear processes, including second-harmonic generation (SHG) and sum-frequency generation (SFG). By resonantly pumping the integrated GaSe-metasurface, which supports a Fano resonance, the obtained SHG is about two-orders of magnitude 1 arXiv:1904.06027v2 [physics.optics] 22 Apr 2019 stronger than the third-harmonic generation from the bare silicon metasurface. In addition, thanks to the resonant field enhancement and GaSe's strong second-order nonlinearity, SHG of the integrated structure could be excited successfully with a lowpower continuous-wave laser, which makes it possible to further implement SFG. The high-efficiency second-order nonlinear processes assisted by two-dimensional materials present potentials to expand silicon metasurface's functionalities in nonlinear regime.
Introduction
The recently developed all-dielectric metasurfaces provide a sophisticated platform for controlling light-matter interactions, which reached remarkable efficiencies matching or outperforming conventional optical elements. [1] [2] [3] [4] [5] [6] [7] [8] [9] Comparing to metal metasurfaces, the alldielectric ones have no Ohmic losses, promising a high laser damage threshold. Also, optical fields are localized in the dielectrics for more effective light-matter interactions. Therein, silicon has emerged as one of the most promising materials for dielectric metasurfaces. It has large linear and nonlinear optical susceptibilities to guarantee well-confined electric and magnetic resonances and distinct nonlinear processes. [10] [11] [12] On the other hand, its wafergrowth is mature and fabrication is compatible with the low-cost complementary-metaloxide-semiconductor (CMOS) technology. In linear optical regime, comprehensive manipulations of amplitude, phase, and polarization of light beams have been successfully carried out in silicon metasurfaces, 11, 12 which give rise to ultrathin gratings and axicons, 12 lenses with near-unity numerical aperture, 13 and compact holograms with diffraction efficiencies exceeding 90%.
14-16
Moreover, silicon's nonlinear optical responses have been widely investigated in thirdharmonic generations (THGs), four-wave mixings (FWMs), and all-optical modulations.
17,18
If these optical frequency generations or intensity-dependent refractive index were involved into silicon metasurfaces, their above linear optical functionalities could be further greatly reinforced. 19 For instance, by simultaneously exciting THGs of electric and magnetic Mie multipoles in silicon metasurfaces, directional deflections and optical vortex beams with orbital angular momentum could be realized via the smooth phase gradients of the generated third-harmonic field. 20, 21 THGs, FWMs and all-optical Kerr effects in silicon metasurfaces have been reported to have efficiencies several orders of magnitude higher than those of the non-structured silicon slab. [22] [23] [24] [25] [26] [27] However, the absolute values of these efficiencies are still very low (in the orders of 10 −6 with a power density of GW/cm 2 ), challenging the realistic applications of nonlinear silicon metasurfaces. In nonlinear optics, to realize high-efficiency harmonic generations or electro-optical modulations, second-order nonlinear responses are good alternatives due to the much higher coefficients (χ (2) ) than the third-order nonlinear coefficients (χ (3) ). Unfortunately, limited by silicon's crystal centrosymmetry, it has no second-order nonlinearity to realize high-efficiency nonlinear processes in its metasurface.
In this paper, we propose and demonstrate, by integrating a two-dimensional gallium selenide (GaSe) flake onto a silicon metasurface, it is possible to carry out high-efficiency second-order nonlinear processes from the silicon metasurface. Pumping the integrated GaSemetasurface with an on-resonance laser, the frequency up-conversion spectrum presents a strong second-harmonic generation (SHG) signal, which could be two orders of magnitude stronger than the THG signal of the bare silicon metasurface. We ascribe this high SHG efficiency to the large χ (2) of GaSe as well as the near-field enhancement of the metasurface.
Hence this field-enhancement of the integrated GaSe-metasurface even supports the successful excitation of SHG using a continuous-wave (CW) laser, which makes it possible to further implement sum-frequency generation (SFG) without synchronized multiple pulsed lasers.
Two-dimensional GaSe is chosen because it has high χ (2) . Its monolayer primary was reported to have a χ (2) as ∼1,000 pm/V with the pump laser at the telecom-band, 28 which is about two orders of magnitude higher than those in conventional bulk materials. In addition,
with the stacking order of ε-GaSe, its few-layers are always absent of centrosymmetry. So that the second-order nonlinear processes would be additive with the layer numbers. 
Device fabrication
GaSe flake A 230 nm thick silicon membrane grown on a sapphire substrate is used to fabricate the metasurface, with the processes of electron beam lithography and plasma dry etching.
The specific parameters of a single meta-atom are labelled in the inset of Fig. 1 (a), which
The lattice period of the metasurface is p x =p y = 830 nm, which supports Fano resonance mode in the telecom-band.
GaSe flake is prepared on polydimethylsiloxane by mechanical exfoliation from the bulk material, which is then dry transferred onto the silicon metasurface. 
Results and discussions
To characterize the resonance mode of the silicon metasurface, a narrowband tunable continuouswave (CW) laser is focused onto the sample, and the transmitted optical powers are monitored using a telecom-band photodiode. By tuning the wavelength of the incident laser, the transmission spectrum could be obtained. The resonant mode of the broken-symmetry metasurface has a linearly polarized far-field radiation following the radiation formulation.
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To reach a high mode-coupling efficiency, the laser polarization is optimized to match the mode polarization, which is along the x-axis labelled in Fig. 1(a) . nm, corresponding to the wavelengths of THG and SHG of the pump laser, there are two peaks. To verify these harmonic processes, the pump power is varied gradually, and powers of the SHG and THG are recorded, as shown in Fig. 2(c) . These pump power dependences are linearly fitted with slopes of 2.13 and 3.20 in log-log coordinate system, respectively, which are typical characteristics of SHG and THG. To study origins of the SHG and THG signals, we implement the same measurements of harmonic generations from the bare silicon metasurface before the integration of GaSe flake. By resonantly pumping the metasurface with a pulsed laser at 1540.9 nm, only a weak THG peak is obtained, arising from silicon's intrinsic third-order nonlinearity. There is no detectable SHG from the bare silicon metasurface due to silicon's inversion centrosymmetry. Even if silicon surface has the broken centrosymmetry, the supported SHG should be two orders of magnitude weaker than the bulk THG. 32 Hence, the obtained strong SHG of the GaSe-metasurface arises from the strong second-order nonlinearity of the integrated GaSe. At the pump power of 1 mW, the ratio of the SHG and THG powers is about 101. While this ratio would be reduced for even higher pump powers, the SHG realized by the GaSe nanoflake is much stronger than the THG obtained from the 230 nm silicon metasurface. It illustrates GaSe's assistance on the second-order nonlinear processes of silicon metasurfaces.
SHG and THG signals from the integrated GaSe-metasurface are further studied by tuning the wavelength of the pulsed pump laser, as plotted in Fig. 2 GaSe-metasurface, the optical power confined in the resonant mode is governed by the Fano function f F ano , which is extracted from the fitting curve in Fig. 2(a) (the solid red line).
In the processes of SHG and THG, the generated optical powers are quadratic and cubic functions of the pump power. Therefore, as shown in Fig. 2(d mentioned above, the employed Fano resonance mode with a high Q factor arises from couplings of electric and magnetic dipoles between the symmetry-broken meta-atoms. For the meta-atoms around the boundary, there is no mode confinement due to the radiative dipole along the z-direction. Hence, the optical field only localizes around the metasurface center.
Also, because of the symmetry-breaking of the meta-atoms, the mode distribution is not circularly symmetric. Only when the focused incident laser overlaps with the mode location of the metasurface, the resonant mode could be excited successfully. Hence, in the spatial mapping of the mode distribution, the effective transmissions are only observed at the center, which are in well agreement with the experimental results. The measured SHG and THG are excited by the near-field of the Fano resonance, and their radiations are determined by the nonlinear polarizations induced in the GaSe flake or silicon metasurface. With the simulated electrical field distributions (E) of the resonant mode, the corresponding nonlinear polarizations could be calculated from
Figures 3(e) and (f) display the near-field distributions of P (2) and P (3) for SHG and THG, which have smaller areas than that of the resonant mode. When the objective lens collects the SHG and THG signals, their spatial mappings of far-field radiations are determined by the near-field distributions of P (2) and P (3) , which agree well with the experimental results shown in Figs. 3(b) and (c).
In the reported nonlinear processes in silicon metasurfaces, caused by silicon's weak nonlinearity, it is essential to exploit a pulsed laser as the excitation to provide an ultrahigh peak intensity. On the other hand, most of SHGs in two-dimensional materials were implemented using a pulsed laser as well, because of the weak light-matter coupling in the atomically thin layer. Here, in the integrated GaSe-metasurface, we further demonstrate it is possible to realize the CW operations of second-order nonlinear processes. It benefits from the near-field enhancement of metasurface's resonance mode as well as the ultrastrong χ (2) in two-dimensional GaSe. By changing the excitation from an on-resonance pulsed laser to an on-resonance CW laser, SHG is obtained from the integrated structure. With the pump power of 14.61 mW focused on the device, the SHG signal with a power of 5.01 nW is measured using a visible photomultiplier tube, corresponding to a conversion efficiency of ment other second-order nonlinear processes thanks to the exemption of synchronization of multiple pulsed lasers. 33 To carry out that, we input two CW lasers (Laser 1 and Laser The possibility of SFG with two CW pumps arises from the coupling between GaSe and the high density of electrical field in the Fano resonance mode. To prove that, we examine SFG's dependence on the pump wavelength. The wavelength of Laser 2 is fixed (1543.9 nm), and the wavelength of Laser 1 is scanned across the whole resonant peak range. The measured SFG powers are plotted in Fig. 4(c) . For the laser wavelengths detuned away from the Fano resonant peak, SFG signals decrease to undetectable levels due to the weak lightGaSe coupling in the single-passed normal radiation. When the laser wavelength is tuned into the resonant peak, the resonant mode is excited and the densities of photon states at different wavelengths would be described by the Fano function f F ano obtained from the fitting of Fig. 2(a) . Therefore, when the pump laser is scanned across the resonant mode, the SFG power would vary in the form of f F ano , as indicated by the fitting curve in Fig. 4(c) . The wavelength dependence of SHG 1 is plotted in Fig. 4(c) as well, showing a fitting function of (f F ano ) 2 considering its quadratic function of the pump power of Laser 1 .
Conclusion
In conclusion, we have demonstrated the realizations of second-order nonlinear processes, including SHG and SFG, from a silicon metasurface with the assistance of a two-dimensional GaSe flake. Benefitting from GaSe's strong second-order nonlinearity, the resonantly pumped GaSe-metasurface presents strong SHG that is two orders of magnitude higher than THG of the bare silicon metasurface. In addition, the high densities of electrical field in the 
